Abstract. This paper seeks to clarify the ecological and evolutionary impacts of foraging for arthropods vs. nectar in hummingbirds, using data on morphology, sites, and tactics of arthropod foraging, and prey taken by 11 species of hummingbirds of La Selva, a Costa Rican lowland wet forest, as well as information on time budgets of male and female hummingbirds from two other sites. Hermit hummingbirds have long, curved bills and are nearly exclusively understory hover-gleaners that take mostly spiders. Most glean from webs but Threnetes ruckeri differs in foraging behavior and takes mostly jumping spiders. Nonhermits have shorter, straighter bills and employ a greater range of foraging tactics and sites, taking a wider variety of prey. In most species flycatching is frequent and flies and wasps are the predominant prey items, but some also take many spiders and ants; in particular, Heliothryx barroti is predominantly a hover-gleaner of the canopy and takes more spiders than flies. In Thalurania colombica, males and females differ in sites and tactics of arthropod foraging during the breeding season but not at other times. Breeding female hummingbirds spend much more time foraging for arthropods than do males in the same times and places, although flower visitation still constitutes the majority of foraging time.
INTRODUCTION
Of all avian food resources, nectar is perhaps the most easily quantified and subjected to experimental manipulation. Nearly all of the many studies of the ecology and behavior of hummingbirds over the last 20 years have thus revolved around bird-flower (or bird-feeder) interactions. Flower nectar is deficient, however, in proteins, lipids, and other essential nutrients (Baker and Baker 1982) . Hummingbirds therefore consume many small arthropods daily (Remsen et al. 1986 ). Aviculturists have long known that these birds survive poorly in captivity without frequent access to arthropod prey, protein-vitamin supplements, or both (Lasiewski 1962; Scheithauer 1966; see also Brice 1992, Brice and Grau 199 1). Given the importance of small arthropods in the daily maintenance of hummingbirds, the ecological and evolutionary implications of arthropod foraging have received surprisingly little study. Numerous studies have quantified the feeding niches of hummingbirds with respect to flower visitation, but characterization of these birds' arthropod foraging niches has been at best incomplete. Tactics and sites of arthropod foraging have been described in varying detail by Bene (1946) Wagner ( In this paper, I attempt a balanced evaluation of the role of arthropods in the ecology and evolution of hummingbirds. I first describe sites and tactics of foraging for arthropods and the prey taken, by the hummingbirds of a relatively well studied tropical hummingbird community. I then consider sexual differences in time budgets, particularly with respect to arthropod foraging, using data from other sites in California and Costa Rica. Finally, I examine the relations between these variables and the bill and wing morphology During regular census walks at La Selva during 1971 and 1972, and occasionally through 1989, I attempted to determine the activities of all hummingbirds heard or seen. I noted all instances of foraging, both at flowers and for arthropods, to determine the relative frequencies of the two types of foraging. Arthropod foraging was classified as gleaning when the prey was plucked from the substrate (e.g., vegetation, spider web) and as hawking when the prey was snatched from the air. Foraging bouts were further characterized as hovering if several prey capture attempts were made during continuous hovering flight, or as sallying if the bird left its perch, made one (rarely up to three) attempts, then returned to a perch (see Fig. 1 ). For each foraging bout, I also noted the species of hummingbird, time of day, habitat (forest, young or old second growth, edge), and stratum (understory, mid-level, canopy, aerial).
I conducted extensive mist-netting of hummingbirds at La Selva between 1971 and 1975, and intermittently through 1989; and many of the same species were captured in intensive mistnetting at Finca El Plastic0 in 1987-1988. Particularly from 1983 on, detailed measurements (with dial calipers, to the nearest 0.1 mm) were taken of exposed and total culmen, wing chord, and tail length, mass was measured to the nearest 0.1 g with 10-g and 50-g Pesola spring balances that were recalibrated annually. Bill curvature was determined by taking the arc : chord ratio of the exposed culmen of freshly collected specimens, of an enlargement of the bill obtained by projecting the silhouette of the bill onto a screen. Wing area, and total length and width of the wing, were measured from tracings of the fully spread wings of mist-netted birds (Fig. 2) ; area was measured by a leaf area meter. Wing length divided by wing width gives the aspect ratio of the wing. Exposed culmen length and wing length were divided by the cube root of body mass to give relative measures of these dimensions, independent of absolute size. Wing loading was computed as body mass divided by twice the wing area. For comparison with previous studies, wing disk loading was first computed from equation (1) of Feinsinger et al. (1979) . This equation estimates wing span from wing chord, but because I found significant differences in wing proportions between species (see below), I also computed wing disk loading using twice the wing length (from the wing tracings) to estimate wing span. All of these calculations were performed for each individual bird, to obtain means and standard deviations for each parameter.
Intensive collecting of hummingbirds was carried out in 197 1 and 1972 at Hacienda La Trinidad. Stomach and crop contents were obtained from most of these birds, and from others collected occasionally during mist-netting operations in La Selva and El Plastic0 through 1989. Specimens were deposited in the collections of the Universidad de Costa Rica and the Western Foundation of Vertebrate Zoology. Arthropod prey in stomachs and crops were identified to order or major group (e.g., ants vs. wasps for hymenopterans). Head-body length was estimated for as many prey items as possible, but this was impossible for the majority of items, which were detected from fragments of wings, legs, mandibles, or poison claws. For the same reason, the number of prey items represents a minimum estimate based on the assumption that fragments of different parts of the body, and of approximately the same size, could have come b FIGURE 1. Tactics of foraging for arthropods of La Selva hummingbirds. a. hover-gleaning; b. sally-gleaning; c. hover-hawking; d. sally-hawking. from the same individual. Diet breadth was computed as the antilog ofthe Shannon-Wiener function, which gives the equivalent number of equally abundant prey types in the diet (Ludwig and Reynolds 1988 gleaning in vegetation, the birds usually started low and moved upward, a technique that probably increased the visibility of spiderwebs by backlighting them against the foliage. Favored locations were along the edges of gaps like stream courses and treefalls. Vine tangles and the masses of dead twigs of fallen branches were examined at length, as were the leaf axils of small understory palms and other monocots, especially when these had trapped debris falling from above. Some prey was also plucked from vegetation, especially the undersides of leaves. Most prey were obtained at 1.5-5 m above the ground, but sometimes a bird continued searching the vegetation upwards to heights of 8-10 m, especially in vine tangles along the edges of gaps or following the aroids (Monstera, Philodendron) up tree trunks. Occasionally a spider would "bail out" of a web, falling down on a slender silk thread; the hermit followed the spider down, sometimes catching it before it reached safety. Phaethornis longuemareus (Little Hermit): Also a hover-gleaner, this small species foraged in a similar manner to the preceding one but usually much lower in the vegetation, often within 0.5 m of the ground (Tables 1, 2) . Often a foraging bird would approach understory shrubs or palms from practically ground level, then move upwards, evidently seeking spiderwebs. This species often searched through low herbaceous vegetation in gaps, and like its larger congener often spent lengthy periods hovering through a mass of dead branches and twigs of a fallen tree or vine tangle at a gap, or leaf axils and fronds of understory palms and other monocots.
Glaucis aenea (Bronzy Hermit): This species occurred very infrequently inside forest, and then only at large gaps along streams; it was much more frequent in second growth, where it foraged for arthropods by hover-gleaning in a variety of sites. Like Phaethornis species, G. aenea showed a strong prediliction for gleaning from spiderwebs, and tended to move upwards through dense thickets along streams and edges, and in young second growth. This species also foraged through herbaceous or shrubby vegetation in open swamps and riverbanks, favoring more open sites than did other hermits; it often inspected carefully spiderwebs suspended within or between grass or sedge stems or inflorescences, and like P. superciliosus sometimes pursued downwards spiders that had bailed out of their webs. Other prey were gleaned directly from leaves and twigs, especially their undersides.
Threnetes ruckeri (Band-tailed Barbthroat): Although mostly a hover-gleaner, this species also hawked or sallied occasionally ( Florisuga mellivora (White-necked Jacobin): This species was almost exclusively a hawker, using both hovering and sallying tactics frequently (Table 1) . I usually observed it well up in the canopy or at gaps; hover (continuous) hawking was especially frequent high in the air above rivers or streams. Females nest in the forest understory, where the few instances of gleaning were observed, however, they were sometimes noted hawking for insects much higher in the vegetation. Because many females have male-like plumage (Stiles and Skutch 1989) , no reliable conclusions regarding sexual differences in foraging are possible.
Heliothryx barroti (Purple-crowned Fairy): This species differed from the other nonhermits in being almost exclusively a hoverer rather than a sallier, and in gleaning more than hawking (Tables 1, 2). In these respects it resembled the hermits, but habitually foraged much higher in the vegetation. Gleaning typically was from the outer foliage of trees and vines well up in the canopy, though the birds sometimes came down to shrubtop level along edges or in gaps. Most hawking occurred as the bird hovered just outside the foliage, evidently in pursuit of insects hushed from the vegetation, perhaps by the bird' s own wingbeats. I also occasionally saw this species engage in lengthy bouts of continuous hawking in swarms of gnats over vegetation or in gaps.
In no species was a difference in tactics between forest and second growth habitats evident (Table 2 ). In the hummingbird community as a whole, gleaning was more frequent in the lower vegetation strata and in dense vegetation, while hawking occurred more often in the higher strata and in more open sites (Fig. 3) . The reasons are obvious: the more surface area (e.g., foliage), the more substrate is available for gleaning, while hawking requires open space for maneuvering and a clear view for prey detection. It therefore appears that a given hummingbird species chose the vegetation configuration most appropriate for its preferred tactics in both forest and second growth, rather than changing tactics between habitats.
In general, a hummingbird species used the same vegetation strata for arthropod foraging as for flower visitation (Table 4 ). The correspondence is somewhat better in forest than in second growth; taking hermits and nonhermits as groups, vertical distribution of the two types of foraging is virtually identical in forest (x2 = 0.97 and 0.06 respectively; P > 0.5 for both). In second growth the differences are more marked (x2 = 7.30,O. 10 > P > 0.05 for hermits, x2 = 12.98, P < 0.01 for nonhermits). Here, the difference probably reflects the more restricted distribution of flowers. Whereas in forest there are many canopy epiphytes with flowers visited by hummingbirds (Stiles 1978 (Stiles , 1980 , in second growth such epiphytes are rare or absent (cf. Terborgh and Weske 1969). Nonhermits in particular worked the second growth canopy for arthropods, and visited flowers like Heliconia in the understory and at gaps. Nonhermits and hermits differed strongly in both habitats with the former more in the canopy, the latter in the understory (for flower visitation x2 = 15.31 in forest, x2 = 14.40 in second growth, P < 0.0 1 for both; for arthropod foragingx2 = 28.47 in forest, x2 = 47.55 in second growth, for both P c 0.001). The more pronounced differences for arthropod foraging than for flower visitation reflect a stronger preference by hermits for gaps as well as the understory, with nonhermits more in the canopy (Table 5) .
The ratio of arthropod foraging to flower visitation recorded in the activity censuses was slightly higher for hermits than for nonhermits in both forest and second growth (Table 5 ) but in neither habitat was the difference statistically significant (P > 0.10; x2 tests). The differences that were noted probably reflect biases in the respective observations, at least in part. The hover-gleaning tactics of hermits are doubtless easier to observe than the brief sallies made by many nonhermits, especially when the latter occur in the canopy. Observations of hummingbirds in the canopy are very difficult to obtain in any case, and because brightly colored flowers constitute a focus of attention for the observer (as well as the hummingbird), the chances of observing a visit to a bromeliad flower are probably higher than those of observing a sally or short gleaning bout in this stratum. Also, several of the second growth areas censused were chosen specifically for their high density of flowers of Heliconia, several species of which (e.g., H. latispatha, H. imbricata) are visited mainly by nonhermits (Stiles 1975) . Therefore, I do not believe that the data ( Table 5 ) justify concluding that differences exist in the proportions of nectar vs. arthropod foraging between hermits and nonhermits.
Foraging activity was most intense early in the morning and declined through the day for both hermits and nonhermits, in both forest and second growth, and for both flower visitation and arthropod foraging (Table 5) ; all x2 tests comparing hermits and nonhermits gave P > 0.10. However, there is a tendency for arthropod foraging to be more evenly distributed through the day than flower visitation (x2 = 6.08, P < 0.05, 2 df, hermits and nonhermits combined). The decline in flower visitation through the day doubtless reflects a decline in nectar production through the day (Stiles 1975, Stiles and Wolf 1979) . Much of the late-afternoon visitation is to flowers of Gesneriaceae, which show peaks of nectar production later in the day (Grove 1979) hand, activity of small arthropods extends through the day except during heavy rains. Many spiders most actively spin webs during the moming hours, and small flying insects tend to be more active in midmorning and late afternoon in open areas, but during the hottest hours in shaded areas (personal observations). Because these patterns might affect the success of gleaning vs. hawking through the day, the occurrence of these two tactics was examined among the nonhermits (not for hermits because they did so little hawking). For all habitats combined, hawking was somewhat more evenly distributed through the day than was gleaning, although the difference was not quite significant (x2 = 5.16,O. 10 > P > 0.05, 2 df; Table 5 ).
ARTHROPOD PREY OF LA SELVA HUMMINGBIRDS
The numbers of individuals of major taxa of arthropod prey found in the crops and stomachs of 76 individuals of 11 species of La Selva hummingbirds are presented in Table 6 . Sample sizes ranged from 3 to 14 stomachs, and 24 to 299 total arthropods, per hummingbird species. The mean number of prey items per stomach ranged from 7 to 45 among hummingbird species; although the smallest species (P. longuemareus) did have the fewest prey items per stomach, no relation between hummingbird size and mean number of prey per stomach was evident over the entire sample of 11 species (Spearman r, = 0.079). In spite of much variation in the types 6  11  2  0  23  36  116  5  70  2  10  7  10  13  11  107  43  72   13  18  0  29  27  38  3  33  2  13  13  15  3  26  29 of prey consumed, stomachs of most species contained a mean of about 20 prey items, usually belonging to at least five different species, often of different orders.
From 70 to 95% of the prey individuals taken by the different species of hermits were spiders; largely for this reason, the median prey diet breadth B' was significantly narrower for hermit than for nonhermit species (Mann-Whitney U = 29, P = 0.01; see Table 6 ). The nonhermits took a wider variety of prey, but for nearly all species the dominant group, in terms of numbers of individuals, was the Diptera. Some species (F. mellivora, C. urochrysia, T. colombica) also took many small wasps, and Amazilia species, especially A. tzacatl, also took many ants. Only H. barroti differed from the other nonhermits to a marked degree, taking more spiders than flies (Table 6) .
Percent overlap in major prey taxa was uniformly high among all species of hermits (coefficients of 0.761-0.943) due to the pronounced preference of all species for spiders (Table 7) eight species of hummingbirds (rS = 1.0, P < 0.01; Tables 9, 11). Mean size of flies taken by four species of flycatchers also increases with mean bird mass (rS = 0.60), but too few species are available to permit statistical significance. For three hummingbird species that took both spiders and flies, and for which five or more of each prey type could be measured, no significant differences in median prey sizes of spiders and flies were found by Mann-Whitney U-tests.
On the whole, there was good agreement between the data on prey choice and foraging behavior for all hummingbird species. As expected for specialized hover-gleaners, hermits took almost exclusively substrate-based prey. The degree to which different hermits appeared to seek out spiderwebs corresponded closely to the types 1.065-1.113)  1.032 (1.027-1.037)  1.036 (1.030-l .042)  1.047 (1.040-1.054)  1.066 (1.052-l .072)  1.040 (1.028-I .054)  1.051 (1.045-1.057)  1.221 (1.211-1.229)  1.243 (1.225-1.261)  1.021 (1.012-1.029)  1.024 (1.023-1.025)  1.022 (1.014-1.031 of spiders taken; in particular, the one species that did not search for spiderwebs (T. ruckeri) but rather gleaned leaf surfaces and tree buttresses took nearly all jumping spiders. This species engaged in more flycatching than most hermits, and more flies were found among its prey than in any other hermit. T. ruckeri was also the only hermit to take Orthoptera regularly, and these insects were probably gleaned from leaf surfaces (Tables 1, 6, 8) .
Among the nonhermits, the amount of gleaning vs. hawking observed in a given species agreed fairly well with the proportion of nonvolant vs. volant prey found in its digestive tracts (Tables  1, 6 ). The only species to glean more than it hawked was H. barroti, which was also the only one found to take more spiders than flies. Among the other species, those that gleaned more often (Amazilia spp., especially A. tzacatl) took the highest proportion of their prey from the substrate. Conversely, the species observed to hawk almost exclusively (F. mellivora, C. urochrysia) took the highest proportions of volant prey. Unfortunately, I lacked sufficient material to determine whether the differences in foraging behavior between the sexes of T. colombica during the dry season (Table 3) In conclusion, these female hummingbirds difarthropods to satisfy the protein requirements of fered much more from males in the time spent the growing young, as well as their own for egg foraging for arthropods than in that spent forproduction, one might expect them to dedicate aging for nectar, at least during the breeding seamore of their time to arthropod foraging than do son. Assuming that this also holds in La Selva males. Unfortunately, I could not test this hyhummingbirds, one can hypothesize that adappothesis with hummingbirds at La Selva be-tations for arthropod foraging will be more imcause, despite a number of attempts with nests portant for females than for males. In particular, of various species, I could never maintain fe-to the extent that foraging behavior is an immales under continuous observation during the portant selective force upon hummingbird mortime they were off their nests. It is my impression phology, one might predict that sexual differthat females of tropical forest hummingbirds ences in morphology related to foraging might avoid foraging near their nests. They are usually reflect arthropod foraging more than flower visvery furtive when departing from or arriving at itation. This prediction can be evaluated in the their nests, probably to avoid attracting preda-light of the morphological data for male and fetors, which take a heavy toll of such nests (Skutch male La Selva hummingbirds. 1966, Stiles 1992 1970) . Although neither species from the nonhermits studied in their more occurs at La Selva, in the absence of contrary strongly curved bills on average, which were also evidence it seems reasonable to assume that the relatively (and in most cases, absolutely) longer same patterns hold in La Selva hummingbirds. than bills of the nonhermits (Table 10) . Bills of As predicted, both nesting females engaged in female hermits were more curved than those of more foraging for arthropods than did territorial males in all species, and longer relative to body males observed in the same areas, times of day, mass in all but P. superciliosus. Bills of nonherdates, and weather conditions (Fig. 4) . The female C. anna was observed both while incubating eggs and while feeding young for up to a week after hatching. Time spent foraging for arthropods increased during this period. When feeding young, the female spent 3-4 times more time seeking arthropods than did males. Time spent foraging for arthropods by the female P. insignis was nearly six times that spent by a male in the same territory (Wolf and Stiles 1970). In each case, females spent more time visiting flowers than foraging for arthropods, and their times in this respect differed little from time spent by males. The increment in flower visitation between incubation and feeding young was much less than the corresponding increment in time spent foraging for arthropods by the female C. unna; no data are available for feeding young by the female P. insignis (Fig. 4) . Incubation is probably energetically the least expensive part of the mits were straight to very slightly curved (curvature less than 1.03), and in all species females had longer bills than males, although there was no consistent sexual difference in bill curvature. Relative to body mass, the difference in bill length between the sexes was much greater for the nonhermits (except for H. burroti) than for the hermits (Tables 10, 11) .
Considering the 11 species as a group, there was a strong positive correlation between bill curvature (mean of males and females) and the proportion of spiders in the diet (r, = 0.766, P < 0.01) and a negative correlation with the proportion offliesand waspsin the diet (r. = -0.7 13, P < 0.02). Bill curvature was also positively correlated with the proportion of gleaning, as opposed to hawking, in the observations of foraging tactics (r. = 0.67 1, P < 0.05). The most divergent species with respect to the relation between bill morphology and arthropod foraging was H. burnesting cycle because the insulative value of the roti, which combined a very straight, rather short nest doubtless reduces the female' s thermoreg-bill with a high consumption of spiders and ants d0r:z Znh 9, inc.: 2 pooh Aside from its possible value in flower visitation, a slight increase in bill length could be advantageous in foraging for arthropods. For gleaners, a longer bill not only provides a longer reach, but also increases the distance between the point of capture (the bill tip) and the body and wings of the bird. Vibrations of similar frequencies and intensities to the wingbeats ofhummingbirds produce escape reactions in some spiders (C. Valderrama, pers. comm.). For hawkers that capture prey in the bill tip, a longer bill might increase the bird' s ability to capture agile flying prey by increasing the linear velocity of the closing bill tip relative to its angular velocity, as was suggested for fish-eating terns by Ashmole (1968) . This effect would be greatest for birds with long, narrow bills with slender, light weight points like many hummingbirds or jacamars, which are well known for their ability to catch fast-moving butterflies and bees (Chai 1986 ). This might partly explain why female hummingbirds have relatively longer bills than males. The most exceptional species among La Selva hummingbirds in this respect was P. superciliosus, in which males had relatively as well as absolutely longer bills. Given the importance of the bill in the lek displays of this species (Stiles and Wolf 1979), the longer bill of males may result from sexual selection; males of several other species of large Phaethornis with lek social systems also have longer bills than females (pers. observ.).
WING MORPHOLOGY AND ARTHROPOD FORAGING
Absolute wing length (from wing tracings) varied widely in accord with the fourfold variation in body mass among the 11 species. Relative wing length was remarkably constant however, between about 0.35 and 0.40 for nearly all species. Most divergent was the tiny P. longuemareus with its very short wing, especially in males. The longest-winged species, H. barroti and F. mellivora, differed much less from the rest (Table 11) . Wing of males were longer with respect to body mass in all species except P. longuemareus (females longer). All hermits except P. longuemareus had relatively broad wings (aspect ratio less than 3) and in all, wings of females averaged slightly broader wings than those of males. Most nonhermits had narrower wings, especially F. mellivora and T. colombica; only in these two and C. urochrysia, did females have narrower wings than males.
Wing loading of most species averaged between 0.23 and 0.27 g/cm2, with sexual differences mostly slight and not statistically significant. The highest wing loadings were those of E. aquila, reflecting its great mass, and male P. longuemareus, due to their very small wings. Only H. barroti had a very low wing loading. No consistent pattern of sexual differences in wing loading were found (Table 12) .
When wing disk loading was calculated according to the equation of Feinsinger et al. (1979) , the relative positions of several species were markedly affected ("A" values in Table 12 ). P. longuemareus was now lowest among the hermits and F. mellivora no longer showed a particularly low wing disk loading, as might have been expected from its long wing (Table 11) ; rather, A. amabilis was now second lowest after H. barroti. Nevertheless, wing loading and wing disk loading were significantly correlated (r, = 0.693, P < 0.05). This measure of wing disk loading involves estimating wing span from wing chord, which entails assuming that the proportion of wing span represented by wing chord is constant across all species. To test this assumption, I measured the percent of total wing length represented by the secondaries vs. the primaries in all wing tracings where the primary-secondary break could be clearly discerned (Fig. 2) . Among six species for which four or more such measurements could be made, significant differences in this percentage existed (Kruskal-Wallis nonparametric analysis of variance, ANOVA, H = 12.74, P < O.OS), with the lowest median percentage of wing length comprised by the secondaries being precisely that of P. longuemareus (21.16%); the highest, that of C. urochrysia (24.10%). It thus appears that the assumption of constant proportionality of wing parts is invalid, and that previous calculations of wing disk loading may be biased for comparative purposes. Another problem with this procedure is that wing chord effectively measures only the length of the outermost, longest one or two primaries. When these feathers are modified for sound production, as in many Selasphorus species (Stiles 1983) fur- ther bias may be introduced into the calculations of wing span. I accordingly recalculated wing disk loadings using twice the total wing length (Fig. 2 , Table   11 ) as my estimate of wing span (the "B" values in Table 12 ). This procedure probably underestimates wing span slightly by neglecting the proximal, unfeathered part of the wing, but given the very short humerus of hummingbirds any error should be slight, and affect interspecific comparisons far less than assuming constant proportionality of flight feathers. The resultant values are in far better accord with other measures of wing morphology: in particular, the correlation with wing loading improves (rS = 0.852, P < 0.01) and the small wing of male P. longuemareus is again evident, as is the long one of F.
mellivora. E. aquila again shows the highest wing disk loading and H. barroti, the lowest (Table  12) . Hermits as a group show high wing disk loading, approached among the nonhermits by that of A. tzacatl. Wing disk loading of females averages higher than that of males in nearly all species but few sexual differences are significant, the major exception on both counts being P. longuemareus. Wing disk loading is inversely correlated with aspect ratio (rS = 0.830, P < 0.01) when this species is excluded, but not when it is included (rS = 0.536, P = 0.10).
Clearly, the most unusual species with respect to wing morphology was the diminutive P. longuemareus, which like many other tiny (~3 g) hummingbirds showed reversed sexual size dimorphism. The very small wing of males in particular may be related to their courtship displays, in which a loud wing-buzz is produced (Skutch 1964 , Snow 1968 ). This appears to result from an increase in wingbeat frequency, perhaps accompanied by a decrease in amplitude (personal observation). A small, narrow wing might produce less inertial drag (Pennycuick 1975) in such a situation. Relationships between wing morphology and arthropod foraging are also complex. Relative wing length is not significantly correlated with any aspect of foraging tactics or diet. Aspect ratio is inversely related to the proportion of spiders and ants in the diet (r, = -0.791, P < 0.05) among all 11 species. However, when P. longuemareus is excluded, this correlation is strengthened (rS = -0.903, P < 0.00 l), and strong correlations are revealed between aspect ratio and the proportions of sallying (rS = 0.69 1, P < 0.05) and hawking (rS = 0.867, P < 0.01) in the foraging repertoire (with the corresponding inverse correlations with hovering and gleaning, respectively), and with the proportion of flies and wasps in the diet (rS = 0.897, P < 0.005). The association of narrow wings with flycatching is further reinforced by the fact that only in the three species that flycatch most (C. urochrysia, F. mellivora, and T. colombica) do females have narrower wings than males. In fact, the ratio of female to male aspect ratios is correlated with the proportion of sallying in the foraging repertoire (rS = 0.691, P < 0.05), and P. longuemareus is not unusual in this respect (Tables 1, 6, 11, 12) .
In (Table 4) suggest that arthropod foraging comprises ca. 60% of all foraging attempts in forest by hermits, and 55% by nonhermits; the corresponding values for second growth are 30% and 25%. Differences between hermits and nonhermits could reflect biases in detecting different tactics of arthropod foraging at different levels in the habitat; the great difference between habitats is due at least in part to the high flower density of the particular sites selected for censusing in second growth. Perhaps the only safe conclusion that a major portion, perhaps about one-half, of the foraging attempts of most or all species of hummingbirds are for arthropods. However, this need not reflect the time spent nor the relative energetic yields of the two types of foraging (see below). Snow and Snow (1972) reported that 8-14% of feeding observations of Trinidad hummingbirds consisted of arthropod foraging, except for 31% in Glaucis hirsuta. This species, however, regularly hover-gleaned along a stream and trail where observer activity was frequent. As the Snows specifically state that their observations were opportunistic rather than systematic, underestimation of arthropod foraging relative to flower visitation would be likely, with G. Much of the controversy regarding the impact of foraging for arthropods on hummingbirds' time and energy budgets may reflect failure to take foraging tactics into account. Sallying for passing insects is likely to be highly time-efficient, in that searching can be done from a perch and, for territorial birds, subsumed into vigilance time. Only the actual sally (commenced when the prey has been located and presumably is within effective capture range) will be counted as foraging time. Continuous hawking would also be feasible only at very high prey densities, such that after pursuing one prey item, another can be detected immediately (at least, in less time than it would take to return to a perch). Most of the foraging for arthropods included in the time budgets reported by Wolf and Hainsworth (1971) Hainsworth (1977) , Pyke (1980) and in this study (Fig. 4) was of these types. Gleaners, on the other hand, must search for prey mostly or entirely on the wing, which will increase the amount of time spent overtly in arthropod foraging. For trapliners like hermits, this expense could be mitigated were they to interrupt the circuits of their foraging routes to engage in bouts of gleaning at favorable sites encountered in passing.
Disagreement also stems from use of different caloric values for "typical" insects (e.g., Brenner 1967, Ricklefs 1974) often easily obtained species or laboratory strains rather than those that actually comprise the natural diet, as well as assumptions regarding assimilation efficiencies. For instance, Scheithauer (1966) reported a mean wet mass of 1.5 mg for Drosophila melanogaster; Hainsworth (1977) used this same value for dry mass. Since a D. melanogaster is ca. 60% water (Scheithauer 1966) , this difference alone would yield a twofold variation in estimates of the energetic yield of arthropod foraging. Assimilation of soft-bodied spiders might well be higher than that for many insects with higher chitin content, making spiders a more favorable prey for hovergleaners like hermits. Data for capture rate per unit of time, or per foraging attempt, are also lacking. Until many of these assumptions can be replaced by reliable data, the safest general conclusion is that the energetic efficiency of foraging for nectar is probably considerably higher than that of foraging for arthropods, but that the difference will vary according to foraging tactics and, probably, prey types. In any case, the energetic impact of arthropod foraging is far from negligible. For hover-gleaners in particular, the energetic costs might be quite high-requiring in turn specializing on energy-rich prey (spiders?) and/or more flower visitation to balance their energy budgets. It therefore is not unexpected that the flowers specialized for pollination by hermits have the highest nectar volumes of any lowland hummingbird-pollinated flowers (Stiles and Freeman 1993).
NECTAR VS. ARTHROPODS AS DETERMINANTS OF BREEDING SEASONALITY
Numerous studies have concluded that hummingbirds breed when their preferred flowers are most abundant, in a variety of habitats (reviews in Stiles 1973 Stiles ,1985 . Indirect evidence suggested that arthropod abundance was not limiting in some cases, but detailed data on arthropod availability were not obtained in any study. Recent work on avian seasonality in dry forest and thorn scrub in Venezuela led Poulin et al. (1992) (Stiles 1975 (Stiles , 1980 , and unpubl. data). The broad wings of hermits might suggest an association with traplining, but the relation breaks down among the nonhermits: males of C. urochrysia and F. mellivora are among the most and least territorial species, respectively, and both have wings broader than those of their females. Conversely, the only female that regularly defends flowers, A. tzacatl, has a considerably broader wing than the male. of nectar foraging (Feinsinger and Chaplin 1975 , Feinsinger and Colwell 1978 , Feinsinger et al. 1979 ). These authors suggested that territoriality should reduce foraging time at flowers, and thus relax selection for efficient hovering (low wing disk loading), relative to trapliners. Instead, territorial species should be under selection for the ability to execute high-speed maneuvers in territorial chases; therefore, territorial species or sexes should show higher wing disk loading than nonterritorial species or sexes. The most obvious incompatibility of data with this hypothesis, the high wing disk loading of hermits, was explained by Feinsinger et al. (1979) as an adaptation for the lek behavior of most hermits, which often involves chases (Stiles and Wolf 1979).
The situation with respect to wing loading is also unclear. A high wing loading could be associated with higher optimum flight speeds (Pennycuick 1973, a low wing loading with reduced hovering costs. However, I can find no clear relation between wing loading and parameters of either arthropod foraging (see above) or flower visitation among La Selva hummingbirds. Wing loading of highly territorial species varied from fairly low (C. urochrysia, males lower than females) to moderately high (A. tzacatl, males higher than females), with T. colombica intermediate (females slightly higher). Wing loading of F. mellivora was notably low, slightly higher in females, but in this species the sexes differ much less in territorial behavior than do those of T. colombica. Among the hermits both sexes trapline; males of all except G. aenea sometimes (T. ruckeri) or regularly associate in leks (Stiles and Wolf 1979), but no sexual differences in wing loading seem associated with either flower visitation or social system. It may be significant that the two species with lowest wing loading, H. barroti and F. mellivora, are also those most restricted to the canopy; perhaps wing loading reflects the height in the vegetation at which a species normally flies, at least in part.
Previous attempts to relate wing morphology to feeding behavior in hummingbirds have dealt exclusively with wing disk loading and strategies These arguments are not supported by patterns of wing disk loading among La Selva hummingbirds. In nonhermit species in which males frequently are territorial at flowers but females are not (C. urochrysia, T. colombica), wing disk loadings of the latter are higher (as they are in A. tzacatl, in which females are territorial during the nonbreeding season only, while males may defend territories at any time of year). A lekking nonhermit, A. amabilis, has a notably low wing disk loading despite engaging in numerous chases on the lek (Stiles and Skutch 1989, pers. observ.), such that high wing disk loading need not be associated with lek behavior. This is further evidenced among the hermits where a nonlek species, G. aenea, has a wing disk loading comparable to that of most lekking species. In any case, the higher wing disk loading of females of most lekking species is incompatible with the argument of Feinsinger et al. (1979) . Part of the problem lies in the assumntion that both flower-centered and lek territoriality necessarily involve much high-speed chasing. Lengthy chases are an inefficient method of expelling an intruder from a territory, which perforce must be left unguarded for the duration of the chase. In fact, most intruders are ejected from feeding territories of La Selva hummingbirds by vocalizations, brief rushes or bouts of hovering, or short chases of only a few seconds' duration (Stiles, unpubl. data) and lengthy chases on the leks of P. superciliosus are mostly restricted to a short period at dawn (Stiles and Wolf 1979) . The amount of fast forward flight is probably far greater for species like P. suuerciliosw which must make several circuits-of a trapline often 1 km or more in length each day, than for a male nonhermit localized on a small feeding territory. Female nonhermits not so localized might also have to cover much greater distances in foraging than their territorial males, depending upon patterns of flower availability. High-speed maneuvering is in any case arguably more important for flycatching than for any aspect of foraging for nectar.
Given the facultative rather than obligate nature of strategies of nectar foraging, especially among the nonhermits, it might be illusory to expect close correlations of these with wing morphology. Because various aspects of wing morphology (including wing disk loading) show clearer relationships with arthropod foraging than with nectar foraging, the former might well have been the primary selective force upon wing morphology. Selection on wing morphology might indeed ultimately derive from flower visitation, but via the constraints placed upon arthropod foraging by bill morphology more than through any direct influence of strategies of nectar exploitation per se.
ARTHROPOD FORAGING AND THE EVOLUTION OF THE HUMMINGBIRDS
The notion that the hermits (subfamily Phaethominae) are primitive, insectivorous hummingbirds is over a century old (e.g., Ridgway 189 1); its justification appears to be that hermits lack the brilliant iridescence of most other hummingbirds, and that this brilliance is somehow related to flower visitation. Johnsgard (1983) It has often been supposed that hummingbirds originally visited flowers to obtain insects (e.g., Ridgway 1891, Wagner 1946 , Johnsgard 1983 ). This idea was supported by Wetmore (19 16) and Wagner (1946) who found little or no nectar but many arthropods in stomachs of hummingbirds they collected. However, it is now known that most nectar passes from the crop directly to the intestine, where it is absorbed rapidly (Hainsworth and Wolf 1972). Moreover, relatively few of the arthropods found in hummingbird stomachs in this and other studies inhabit flowers. This is as true of the hermits, with their predeliction for web-building or jumping spiders, as for the nonhermits. Although such groups as mites and thrips could have been extracted from flowers, they make up only a very small fraction of the arthropod food of hummingbirds. There is thus no basis for the statement that humming-birds visit flowers mainly to obtain insects, nor any reason to infer that their bills are specialized for extracting insects (rather than nectar) from flowers. Hummingbirds have probably visited flowers specifically to obtain nectar throughout most or all of their evolutionary history (Stiles 198 1). Conversely, many species of flowers have developed morphological specializations that both favor visitation and pollination by hummingbirds, and exclude insects.
In conclusion, the specialized bills of hummingbirds probably evolved for nectarivory, which then required the daily consumption of many small arthropods for nutrition. The foraging tactics and choice of arthropod prey have, in turn, been constrained by the bill specializations required for efficient nectar extraction. Strategies of flower exploitation may vary from day to day or place to place according to patterns of flower availability, but tactics and prey choice in arthropod foraging do not appear to vary with habitat, although some variation in relative use of different tactics according to sex and season may occur in some species. Thus, the daily need to forage for arthropods might have provided the primary selective forces upon hummingbird wing morphology. I emphasize, however, that these conclusions derive from the study of only a single hummingbird assemblage and should be considered as hypotheses to be tested with data from other such assemblages.
